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(54) l\/lethod and system for compensation of measurement error 


(57) Methods and systems for reducing or removing 
the effect of measurement error so that an actual engine 
. operates doser to optimum are described. In an exem- 
plary embodiment, the method includes the steps of 
identifying an engine operation (e.g., acceleration) that 
is less than optimal (102), estimating the measurement 


error associated with the less than optimal operation 
(104), adjusting the engine control logic based on the 
measurement error estimate (106), and reassessing the r, 
. engine operation (108). The method is implemented, in 
onefomn, In an englnecontrollerby programming aeon- 
trol processor to execute the above described method.^ 
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Description 

[0001] The present invention relates to gas turbine 
engines, and more specifically, to compensating for 
measurement error using control logic. 
[0002] Gas turbine engines include sensor and actu- 
ator position feedback used for control and diagnostics. 
The tenn sensor, as used herein, refers to engine 
mounted measurement devices. Values from the sen- 
sors are validated and then used implicitly by the control 
and diagnostic logic. The true values for the pressures, 
temperatures, actuator positions, speeds, and other en- 
gine variables, however, differ from the measured val- 
ues. The difference between the true value and the 
measured value is referred to as measurement en'or. 
[0003] Measurement errors are generally attributed to 
transducer inaccuracy, physical differences such as 
valve characteristics, and gas path prof ile effects. Meas- 
urement error due to transducer inaccuracy primarily re- 
sults from manufacturing tolerances and signal condi- 
tioning errors. Measurement error due to valve charac- 
teristics results from geometry variations due to manu- 
facturing tolerances and inaccuracies in valve position 
to flow relationships. 

[0004] Measurement errors due to gas path profile ef- 
fects are a combination of physical tolerances in the 
sensor and the sensor Installation into the engine. The 
. engine installation introduces dimensional variability, 
. such as Immersion depth and alignment, which can lead 
'r to differing sensing locations within the gas path tem- 
' i perature and pressure profile. Profile measurement er- 
^ ror Is usually much larger at aft stages of an engine since 
. combustion and gas mixing are significant factors. In 
such measurement error. 

[0005] An absolute level of measurement error de- 
pends on an accuracy specification used in device de- 
sign, the type of device, and the device utilization. For 
example, a pressure transducer critical for engine con- 
trol typically must be much more accurate than a condi- 
tion monitoring sensor for optional equipment that is not 
flight critical. Once installed, measurement error often 
is assumed to be consistent with respect to sign (I.e., 
positive or negative en-or). However, en-or magnitude 
will vary with operating conditions, e.g., a larger meas- 
urement error at high power versus idle. 
[0006] Since an engine controller uses indicated val- 
ues from the sensors, the effects of measurement en^or 
are accommodated in an overall engine control law de- 
sign process. Typically, control laws are designed to in- 
clude margins for a worst-case measurement error. 
While this approach provides a safe margin of operation 
for a worst case engine, this approach also results in 
larger than necessary margins for all other engines. 
[0007] The present methods and systems, in one as- 
pect, reduce conservatism inherent in selecting a worst- 
case measurement error by reducing, or removing, the 
effect of measurement error so that an actual engine op- 
erates closer to optimum. In an exemplary embodiment, 


the method includes the steps of identifying an engine 
operation (e.g., acceleration) that is less than optimal, 
estimating the measurement error associated with the 
less than optimal operation, adjusting the engine control 

5 logic based on the measurement error estimate, and re- 
assessing the engine operation. The method is imple- 
mented, in one fonii, in an engine controller by program- 
ming a control processor to execute the above de- 
scribed method. 

10 [0008] The above described method provides the ad- 
vantage that measurement error adjustments are made 
depending upon the characteristics of each engine rath- 
er than making a same adjustment for all engines of a 
particular type or model. In addition, an engine with be- 

is low nominal operating characteristics can be returned 
to nominal operation without replacing sensors or other 
related hardware, which results In Increased time on- 
wing, lower acceleration time, and reduced operating 
temperatures. 

20 [0009] An embodiment of the Invention will now bede- 
scribed, by way of example, with reference to the ac- 
companying drawings, In which: 

Figure 1 is a block diagram of an engine control sys- 
25 tern; and 

Figure 2 is a process flow diagram for perfomning 
measurement en-or estimation adjustment in the 
engine control system shown in Figure 1 . 

30 [0010] Figure l is a block diagram of an engine conti'ol 
system 1 0. As shown in Figure multiple sensors (Sen- 
sor 1 - Sensor N) 1 2 are coupled to an engine controller 
14. Controller 14, in one embodiment, is a processor 
programmed to execute control logic for generating con-. 

35 trol signals 1 6. More specifically, controller 1 4 generates 
engine control signals based on the measured values 
supplied by sensors 12. Sensors 12 Include, for exam- 
ple, a fan speed sensor (N1), a fan inlet temperature 
(T1 2) sensor, a compressor inlet temperature (T25) sen- 

40 sor, a high pressure compressor discharge pressure 
(P3) transducer, fuel metering valve (FM V) position sen- 
sor, as well as many other sensors. Such sensors are 
well known In the art. 

[0011] As explained above, engine controller 14 uses 
45 indicated values from sensors 12 to generate control 
signals. The control laws used by controller 14 in gen- 
erating such signals typically include margins for a 
worst-case measurement en'or. While this approach 
provides a safe margin of operation for a worst case en- 
50 gine, this approach also results In largerthan necessary 
margins for all other engines. 
[0012] Generally, the present methods and systems 
are directed towards reducing the conservatism inher- 
ent In selecting a worst-case measurement error by re- 
55 ducing or removing the effect of measurement error so 
that the actual engine operates closer to optimum. The 
method includes the steps of Identifying an engine op- 
eration that is less than optimal, estimating the meas- 
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urement error associated with the less than optimal op- 
eration, adjusting the engine control logic based on the 
measurement en-or estimate, and reassessing the en- 
gine operation. The method Is Implemented, In one 
form, in controller 14. Specifically, in the one embodi- 
ment, the processor in controller 1 4 is programmed to 
execute the above described processing. 
[0013] More specifically, since the measurement en^or 
manifests itself in engine operational effects, these op- 
erational effects are utilized in the measurement enror 
estimation. For example, time to accelerate an engine 
Is a function of the transient regulator. The measure- 
ment error effects of the sensors utilized in the transient 
regulator logic Impacts the actual acceleration time. If 
an actual acceleration response is measured and com- 
pared to a nominal (no error) response, then an estimate 
of the overall measurement error on the transient regu- 
lator can be made, i.e., measured value minus nominal 
value. After generating a measurement error estimate, 
then the appropriate sensor can be made "error free" by 
making a compensation adjustment in the engine con- 
trol logic. 

[001 4] Figure 2 illustrates a process 1 00 for compen- 
sating for measurement enror In the engine control logic 
if less than optimal acceleration operation Is detected. 
Referring specifically to Figure 2, controller 14 is pro- 
grammed to detemilne whether the engine Is exhibiting 
slow acceleration characteristics by comparing the 
measured acceleration characteristics from sensors 12 
to nominal values, e.g., pre- stored in a memory of con- 
troiler. 1 4; If the difference between the measured and 
nominal values exceeds a predetemiined threshold val- 
ue, then the engine characteristics are considered sub- 
optimal 102 and controller then proceeds with estimat- 
ing the overall transient regulator measurement en-or 
104. 

[0015] To estimate the overall measurement en-or, a 
large number of simulated engines with random or spec- 
ified measurement error are defined. Simulated tran- 
sients are run over a specified operating regime (alti- 
tude, ambient temperature, bleed settings, etc.) for dif- 
ferent engine quality and deterioration levels. A multi- 
variate regression fit is used to estimate the measure- 
ment error as a function of sensor data and operational 
data, such as regulator usage (I.e., which regulator is in 
control and for how long). The regression fit is obtained 
by one of the techniques well known to those skilled in 
the art, such as linear regression, response surface fits 
using polynomials or neural networks. In one specific 
embodiment, instead of estimating each measurement 
error individually, an equivalent fuel metering valve 
(FM V) bias or measurement error Is estimated using the 
regression fit. 

[0016] After generating a measurement error esti- 
mate, the appropriate sensor value used in controller 14 
is made "error free" by making a compensation adjust- 
ment In the engine control logic 106. Specifically, the 
measured value is adjusted by a percentage (0 - 100%) 


of the estimated measurement error. The percentage 
selected can be equal to 100%, or to a lower value, such 
as 75%, to allow for inaccuracies in estimating the 
measurement en^or, and can be pre-stored as an adjust- 

5 able constant in the controller memory. The adjusted 
sensor value is then used by controller 14 in further 
processing and in generating control signals. 
[0017] Once the adjustment is made, the engine ac- 
celeration characteristics are reassessed 108. If the en- 

10 gine still exhibits sub-optimal acceleration characteris- 
tics additional measurement error adjustments are 
made by returning to step 1 02 and then proceeding with 
processing. 

[0018] The above described methods and systems 
15 provide the advantage that measurement error adjust- 
ments are made depending upon the characteristics of 
each engine with Its specific sensor set and physical de- 
vice (valves, etc.) characteristics rather than making a 
same adjustment for all engines of a particular type or 
20 model. In addition, an engine with below nominal oper- 
ating characteristics can be returned to nominal opera- 
tion without replacing sensors or other related hard- 
ware, which results in increased time on-wing, lower ac- 
celeration time, and reduced operating temperatures. 

25 

Claims . . 

/I. A method for controlling -operation of an engine,. 
30^ . said methodcomp rising the steps of : <^ . ■ . 

identifying an engine operation thatis lessthan 
: 1 optimal; . ; .' ' '-j 

estimating a measurement -en-or (104) assocl- 
35 ated with the less than optimal engine opera- 

tion; and 

adjusting engine control logb (106) based on 
the measurement error estimate. 

40 2. A method for controlling acceleration of an engine, 
said method comprising the steps of: 

detemnining whether the engine acceleration is 
slow (102); 

45 if the engine acceleration Is slow, then: 

estimating an overall transient regulator meas- 
urement error (104); and adjusting engine con- 
trol logic (106) based on the overall transient 
regulator measurement error estimate. 

50 

3. A method In accordance with Claim 1 or claim 2 fur- 
ther comprising the step of reassessing the engine 

operation or the engine acceleration characteristics 
(108) after adjusting the engine control logic (106). 

55 

4. A method in accordance with Claim 1 or claim 2 
wherein identifying if engine operation or engine ac- 
celeration is less than optimal comprises the step 
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of comparing a measured sensor values to nominal 
values. 

5. A method in accordance with Claim 1 or claim 2 
wherein estimating measurement error (1 04) or es- 5 
timating overall transient regulator measurement 
error comprises the step of subtracting a measured 
sensor value from a nominal value. 

6. A method in accordance with Claim 1 or claim 2 io 
wherein adjusting the engine control logic (106) 
comprises the step of subtracting the measurement 
error estimate from a measured sensor value. 

7. An engine controller comprising a processor pro- is 
grammed to: 

identify an engine operation that is less than op- 
timal; 

estimate a measurement error (1 04) associat- 20 
ed with the less than optimal engine operation; 
and 

adjust the engine control logic (106) based on 
the measurement error estimate. 

25 

8. A controller (14) in accordance with Claim 7 wherein 
said processor is further programmed to reassess 
the engine operation (108) after adjusting the en- 

. -.ginecontrollogic (106)... * 

9; A controller (14) in accordancewith Claim 7 wherein 
to identify an engine operation that Is less than op- 
timal, said processor is programmed to compare a 
measured sensor values to nominal values. 

35 

10. A controller (14) in accordancewith Claim 7 wherein 
to estimate measurement error (104) said proces- 
sor is programmed to subtract a measured sensor 

value from a nominal value. 

40 

1 1 . A controller (1 4) in accordance with Claim 7 wherein 
to adjust the engine control logic (106), said proc- 
essor is programmed to subtract the measurement 
error estimate from a measured sensor value. 
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